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ABSTRACT
This project addressed the abili^ of native Yucca Mountain bacterial isolates to
corrode metal designated as the outer barrier for nuclear waste containment.
Microorganisms implicated in microbially-influenced corrosion recovered from the
deep subsurface at Yucca Mountain include iron-oxidizing, sul&te-reducing, and
exopolymer-producing bacteria. Test systems composed of a 1020 carbon steel
coupon immersed in soft agar or soft agar and ground rock were designed to evaluate
the biofilm formation and corrosion capabilities of these microorganisms at elevated
temperature. Results indicated that incubation at 50°C decreased the ability of these
microorganisms to corrode carbon steel immersed in soft agar. However, corrosion
rates were dramatically increased by the presence of a rock surface. Enhanced
corrosion rates were also observed in each medium when the system was allowed to
colonize at ambient temperature prior to incubation at 50°C.
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CHAPTER 1
INTRODUCTION
The term microbially-infiuenced corrosion (MIC) is used to denote corrosion
due to the presence and activities of microorganisms within biofilms at metal surfoces
(Little and Wagner, 1996). The traditional metal corrosion reaction is electrochemical,
resulting in the dissolution of metal fi'om anodic sites followed by electron acceptance
at cathodic sites (Ford and MitcheU, 1990). Very few forms of corrosion were once
thought to be influenced by biological processes (Gees^, 1991). It is now known that
corrosion reactions may be induced or enhanced by microbial activity in the
environment surrounding the metal substratum (Costerton and Boivin, 1991; Ford and
Mitchell, 1990). Metabolic groups associated with microbially-influenced corrosion
(MIC) include sulfate-reducing, hydrogen-producing, acid-producing, iron-reducing,
iron-oxidizing, and exopolymer (^S)-producing bacteria (Geesey, 1991; Ford and
Mitchell, 1990).
At the present time, many countries are involved in research to develop an
environmentally sound and publicly acceptable system for the disposal of nuclear fiiel
waste. The focus is on permanent disposal of nuclear fiiel waste in vaults located in
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stable geological formations such as granites, clays, salts, and tuffs (Stroes-Gascoyne
and West, 1996). Because microorganisms with diverse metabolic capabilities are
present in a variety of rocks and soils at depths well over 500 meters, it is reasonable to
assume that microorganisms will be present in any repository environment (Bachofen,
1991). The recognition that microbial activity could potentially effect the integrity of a
storage system for geological containment of nuclear waste caused those countries
considering radioactive waste disposal to begin developing programs to study microbial
impacts (Stroes-Gascoyne and West, 1996). Topics of study include: (i) the presence
of microbes in geological media; (ii) microbial tolerance to radiation, heat, and
dessication; (iii) MIC; (iv) microbial effects on radionuclide migration; and (v)
microbial gas production (Stroes-Gascoyne and West, 1996).
The proposed location for the high level nuclear waste repository in the United
States is Yucca Mountain, located in the southwestern edge o f the Nevada Test Site,
about 65 miles northwest of Las Vegas, Nevada. The repository will be located at least
350 meters below ground level and 225 meters above the present static water table in
the densely welded, devitrified, rhyolytic tufTof the Topopah Spring Member (Geesey,
1993). The host rock contains many mineral oxides, as well as inorganic nutrients
necessary for microbial metabolism (e.g., nitrogen, sulfur, phosphorus, iron, and
manganese) and low amounts of organic carbon (Geesey, 1993). Since the deposition
of the volcanic rocks approximately 11 million years ago, the formation at the
repository horizon has been under unsaturated conditions. Recharge occurs

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3

periodically through rainfall or snowmelt and enters the rock in a fracture-dominated
flow (Geesey, 1993). Analysis of the groundwater revealed dissolved o^qrgen
concentrations ranging from below detection to 6 mg/L, and the fr)rms of nitrogen,
sulfur, phosphorus, and carbon that can be used by subsurfoce microorganisms
(Geesey, 1993).
Repository microorganisms may be nutrient-limited if their activity depends on
the natural concentrations found in the groundwater (Christofr and Philp, 1991). It has
been speculated that long residence times of deep groundwaters could lead to an
extremely low turnover in the rate of nutrient input, resulting in the inability to sustain a
significant microbial population (Christofi and Philp, 1991). Many o f the
microorganisms found in the deep subsurfrtce are metabolically active even though they
are subjected to unfavorable conditions. Restricted access to nutrients appears to limit
growth in some subsurface environments. Growth rates of subsurfitce microbial
communities have been estimated at 5-10 x 10 ^cells/ g of sediment per day. These
rates are 2 to 1000 x lower than those measured in surface soils (Geesey, 1993). At
Yucca Mountain, nutrients are expected be introduced to the repository environment
through the movement of drilling fluids during tunnel and site construction, along with
diesel fuels, hydraulic fluids, and gaseous exhausts (Gees^, 1993). The near-field
repository environment will also contain crushed tuff as backfill, as well as bentonite
and soil. This mixture will have a higher porosity than the surrounding rock formation,
providing microorganisms with greater access to oxygen (Geesey, 1993).
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MIC o f storage containers is a potential problem for the safe disposal of nuclear
waste (Little and Wagner, 1996). Alloys o f iron, nickel, copper, and titanium are the
principal materials being considered for containment o f high-level nuclear waste in
mined geological repositories (Little and Wagner, 1996). Carbon steels are being
considered as suitable materials for the outer shell of a double-shell storage container
for subsurfoce burial (Little and Wagner, 1996). Except for titanium, MIC has been
documented for all metals and alloys under consideration (Little and Wagner, 1996).
As radioactive decay of foel emits heat and gamma radiation, initial storage
environments will be radioactive, hot, dry, and nutrient-deficient. The combined effects
of increased temperature, gamma radiation, and dessication of the buffer material will
drastically limit the range of microbial activity near the container and may initially
create an abiotic zone extending into the buffer material (Little and Wagner, 1996). As
fuel decays and trapped oxygen is consumed, conditions in the repository are expected
to become cool, wet, and anoxic. The buffer material will become fully saturated with
groundwater and it is feasible that microbial activity may resume in close proximity to
the storage containers (Little and Wagner, 1996). It is unclear how long this process
might take.
The corrosive effects of microbial activity on carbon steel are the focus of this
research project. In a previous study, many of the metabolic types of microorganisms
implicated in microbially-influenced corrosion were isolated fi'om rock samples
obtained fi’om the proposed nuclear waste repository site at Yucca Mountain
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(Pitonzo, 1996, Chapter 2). These microorganisms include sulfote-reducing, ironoxidizing, acid-producing, and exopolymer-producing bacteria. The corrosion
capabilities of these microorganisms were measured at ambient temperature using a
polarization resistance technique (Gamry kstruments. Inc.). The results indicated that
Yucca Mountain bacterial isolates, alone and in combination, were capable of
corroding 1020 carbon steel (Pitonzo, 1996, Chapter 7).
Most of the bacteria in natural ecosystems attach to inert surfaces where they
form physiologically active biofilms (Geesey, 1991). A biofilm is a microbial mass
composed of bacteria, algae, and/or other microorganisms (Borenstein, 1993). When a
metal surface is immersed in an aqueous solution, biofilm formation begins immediately
with the adsorption of organic matter fi’om the environment onto the metal surfoce
(Borenstein, 1993). This conditioning film encourages the adhesion of pioneer
bacterial species followed by colonization of other microorganisms (Borenstein, 1993).
Exopolymer production by biofilm bacteria promotes the initial attachment of the
bacteria to the metal surface and also fimctions in the formation and maintenance of
microcolony and biofilm structure. The extent of biofilm accumulation is dependent on
the amount of nutrients available for growth and exopolysaccharide production
(Costerton, etal., 1995). The complex microbial consortia in the biofilm trap ions and
create physical and chemical gradients at the metal surfoce, allowing many bacterial
species with diverse metabolic capabilities to coexist (Costerton, e ta i, 1995 ;Videla
and Characklis, 1992). The biofilm also impedes the movement of microbial metabolites
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resulting in increased concentrations of these by-products at or near the metal surface
(Geesty, 1991). This leads to the formation of an electrochemical cell, with subsequent
metal dissolution and pit formation (Borenstein, 1993). Whether the electrochemical
cell is initiated by chemical or biological activity, the development of a heterogeneous
biofilm intensifies the corrosion reaction (Costerton and Boivin, 1991).
The metabolism of sulfote-reducing bacteria (SRB) makes them important
players in many industrial and environmental processes (Legall and Fauque, 1988).
Economically, they are the most important metal-corroding microbes (WiddeU, 1988).
They are also involved in interspecies transfer of hydrogen in fermentations leading to
methanogenesis, as well as interspecies transfer of sulfur with photosynthetic bacteria
(Legall and Fauque, 1988). The sulfote-reducing bacteria are a diverse group,
comprised of several genera, characterized by their ability to reduce sulfate, other
oxidized sulfur-containing compounds, or elemental sulfur to hydrogen sulfide (Atlas,
1995). These Gram-negative rods are typically found in terrestrial, fi-eshwater, and
marine environments and can withstand a wide variation in pH (Borenstein, 1993).
SRB use sulfate as the terminal electron acceptor in anaerobic respiration. Based on
their oxidative abilities, SRB can be divided into two groups, (Gottschalk, 1986).
Incomplete oxidizers, ^chdsDesulfavibrio and many Desulfotomaculum species,
oxidize a variety of organic acids and alcohols to acetate. Other genera are able to
completely oxidize organic substrates to carbon dioxide. In general, complete oxidizers
grow significantly faster than incomplete oxidizers (Legall and Fauque, 1988). SRB
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have several electron and Itydrogen carriers. Cytochromes o f the c-type and/or 6-type,
menaquinone, several ferredoxins, flavodoxin, rubredoxin, and desulforedoxin exist in
SRB (Gottschalk, 1986). The most characterized pathway of dissimilatory sulfate
reduction is lactate/sulfate metabolism carried out by members of the genus
Desulfovibrio (Gottschalk, 1986). Lactate oxidation to acetate is coupled to the
production o f ATP. Most sulfote-reducing bacteria are also able to reduce sulfote with
hydrogen.
The mechanisms involved in metal corrosion by sulfote-reducing bacteria (SRB)
were described in the cathodic depolarization hypothesis first proposed by von
Wolzogen Kuhr and van der Klught more than 60 years ago (Hamilton, 1985; Widdel,
1988). Metal becomes polarized in water by losing positive metal ions (anodic
reaction). The electrons left in the metal reduce protons fi'om water to atomic
hydrogen (cathodic reaction). Atomic or molecular hydrogen remains on the metal
surface. The SRB remove molecular hydrogen fi’om the metal surfoce by oxidation
with sulfote as electron acceptor (cathodic depolarization) resulting in a net oxidation
of the metal. The oxidation o f the iron in the metal leads to the formation of the
corrosion products, hydrogen sulfide and ferrous sulfide. Excess ferrous ions may form
ferrous hydroxide (Widdel, 1988).
Although it has long been recognized that many morphologically and
physiologically distinct bacteria are involved in the biogeochemical iron cycle, they
have received little attention compared to those bacteria associated with carbon.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

8

nitrogen, and sulfor cycling (Jones, 1986). The role these microorganisms perform in
the solubilization, transport, and deposition o f metals and minerals is now being
acknowledged (Hutchins et aL, 1986). The dissolution or leaching of metals was
thought to be a strictly chemical reaction until the discovery o f acidophilic ironoxidizing bacteria confirmed that it was mainly a biologically- catalyzed process
(Hutchins et al., 1986). Iron-oxidizing bacteria derive energy fi’om oxidizing ferrous
iron to ferric iron. Ferric iron reacts with otygen, fi)rming ferric oxide and
oxyhydroxides, which are insoluble in water and form precipitates. The precipitated
iron forms a tubercle on the metal surface, leading to the formation of differential
aeration cells. The area under the tubercle becomes anaerobic due to the oxygen
barrier created by the deposit and respiratory activity of the bacteria (Geesey, 1991),
and therefore also becomes anodic relative to the surrounding oxygenated cathode.
Cathodic reduction of otygen may result in an increased pH in the solution surrounding
the metal (Little and Wagner, 1996). The outer layers of the tubercle are aerobic with
a near neutral pH. However, within the tubercle, microbial metabolism decreases the
pH through the production of carbon dioxide and organic acids. This results in
chemical gradients that can support a varied microbial community in the tubercle
environment (Ford and Mitchell, 1990). Ferric ions can also attract chloride ions,
forming heavy metal chlorides that are extremely corrosive, resulting in the pitting
corrosion often seen on carbon and stainless steels (Borenstein, 1993).
Many heterotrophic bacteria and fungi produce organic acids during the
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fermentation of organic substrates. Organic acids can enhance electrochemical
oxidation o f various metals by displacing or prohibiting the establishment of the
protective oxide film ^ ittle and Wagner, 1996). Some autotrophic bacteria produce
sulfuric acid through the oxidation o f reduced sulfur compounds (Geesey, 1991). The
types and amounts of acids produced are dependent on the organism, environment, and
available substrates (Videla and Characklis, 1992). The effect of acidic metabolites is
magnified when they accumulate at the biofilm-metal interfoce (Little and Wagner,
1996). The creation of localized pH gradients at the metal surface leads to cathodic
depolarization under deaerated conditions (Gees^, 1991).
Many natural bacterial populations have a propensity to attach to surfaces and
produce extracellular polymers which are critical in maintaining the structural integrity
of microbial biofilms (Little and Wagner, 1996). The exopolymer traps nutrients and
limits the access o f antibacterial substances (Costerton, et al., 1987). The exopolymer
can also immobilize water, trap metal ions and corrosion products, and reduce diffusion
(Little and Wagner, 1996). Bacterial polymers are chemically diverse, with the amount
and composition dependent on culture conditions and growth phase (Ford and Mitchell,
1990). Generally, most exopolymers are acidic and contain fiinctional groups that
concentrate metal ions and form metal concentration cells (Little and Wagner, 1996).
The chemical properties of the exopolymers are dependent on the secreting
microorganism; differences in the chemical properties o f exopolymers result in the
formation of microcolonies of physiologically distinct microorganisms (Geesey, 1991).
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Exopolymers also vary in their ability to interact with metal ions. When an exopolymer
having a high afiBnity for a particular metal ion binds to the metal substrate, a metal
concentration cell can develop in the area under the exopolymer, resulting in pitting
corrosion (Gees^, 1991). In addition to the traditional‘‘slime-forming”
pseudomonads, both sulfote-reducing and iron-oxidizing bacteria are known to make
abundant amounts of exopolymer (Ford and Mitchell, 1990).
Metabolic processes within biofilms can also have a significant effect on MIC.
From an electrochemical perspective, microbial activity can influence both the anodic
and cathodic reactions. Some o f the anodic effects are: (i) excretion of corrosive
metabolites, e.g. acids, (ii) reaction of a metabolite with a chemical already present in
the matrix, e.g. sulfide, with chloride; and (iii) consumption or degradation of corrosion
inhibitors, e.g., nitrate consumption by fimgi. Some of the cathode effects are: (i)
production of cathodic reactants, e.g., hydrogen ions; (ii) uptake of cathodic reactants,
e.g., oxygen by respiration; and (iii) acceleration of the cathodic reaction via metabolic
products capable of cathodic catalytic activity, e.g., iron sulfide (Videla and Characklis,
1992). Volatile corrosive gases, such as hydrogen, hydrogen sulfide, carbon dioxide,
or ammonia may also contact metal surfoces (Little and Wagner, 1996).
The current investigation is part of a continuing effort to study the effects of
microbially-influenced corrosion on metal at higher temperature and evaluating the
effect on the biofilm formation and corrosion capabilities of these bacteria. A test
system, consisting of a 1020 carbon steel coupon immersed in soft R2B, was used. A
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KCl bridge was used to connect the test system and reference cell (calomel electrode).
A platinum counter-electrode was used to apply a potential and the corrosion rate was
measured using a potentiostat. An uninoculated control was prepared to assess the
abiotic corrosion rates. Average corrosion rates were measured in mils per year (mpy)
against time.
In a second set of experiments, sterile ground rock was introduced into the agar
medium, to more closely simulate the natural environment. The rock was mixed with
the soft agar and seeded with the three microbial types of interest. In this set o f
experiments, cells were incubated at ambient temperature and 50 °C. A set o f cells was
also incubated at ambient temperature for a period of several weeks prior to incubation
at 50°C to assess the effect of prior microbial colonization on corrosion rates. Upon
completion o f these experiments, the test system was dismantled and the coupons
prepared for phospholipid fotty acid and microscopic analyses to assess microbial
biomass and biofilm formation.
The use of native bacterial isolates/consortia is especially relevant to the design
of waste containment packages for the Yucca Mountain repository. All the
requirements necessary to support microbial growth are present in the native rock or
will be introduced during repository construction. Although emplacement of nuclear
waste may initially create an unfavorable habitat for microorganisms due to increased
temperature, radiation level and dessication, native microorganisms surviving these
conditions may eventually be able to resume their corrosive metabolic activities. It is
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essential to understand the metabolic capabilities of microorganisms indigenous to the
deep subsurface of Yucca Mountain because these processes can af&ct the integrity of
the materials chosen for site construction and waste containment.
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CHAPTER 2
THE EFFECT OF ELEVATED TEMPERATURE ON THE CAPABILITY OF
NATIVE YUCCA MOUNTAIN MICROORGANISMS
TO CORRODE CARBON STEEL
This chapter has been prepared for submission to Corrosion and is presented in the
style of that journal. The complete citation is:
PJL Castro, P S. Amy, D. Jones, H.V Crossen, G. Southam, D.B. Ringelberg, and
DR. Boone. 1997. The effect of elevated temperature on the capability of native Yucca
Mountain microorganisms to corrode carbon steel.

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

15

ABSTRACT
Several of the metabolic groups implicated in microbially-infiuenced corrosion
have been isolated fi’om the deep subsur&ce at Yucca Mountain. These include ironoxidizing, sulfate-reducing, and exopolysaccharide-producing bacterial species. Various
combinations of these microorganisms were inoculated into a test system composed of
a 1020 carbon steel coupon immersed in soft R2A agar prepared with simulated
groundwater. A 1% KCl bridge was used to connect the test system to a calomel
reference electrode. A platinum counter electrode was used to apply a potential and
the corrosion rate was measured by polarization resistance. Prior studies at ambient
temperature showed that these microorganisms are capable of corroding carbon steel. ‘
The current research investigated the effects of elevated temperature on the system.
Several sets of electrochemical cells, inoculated with selected combinations of the test
microorganisms, were incubated immediately at 50°C; an additional set was inoculated
with all three microbial types and allowed to colonize at room temperature for three
weeks prior to incubation at 50 °C. Uninoculated electrochemical cells were prepared
to monitor abiotic corrosion. Initial and weekly corrosion rates were obtained for the
duration of the experiment. Upon completion of these experiments, the test system
was dismantled and the coupons prepared for phospholipid fatty acid and microscopic
analyses to assess microbial biomass and biofilm formation, respectively.
KEY WORDS: microbially-infiuenced corrosion, biofilm, carbon steel. Yucca
Mountain, exopolysaccharide-producing bacteria, iron-oxidizing bacteria, sulfate-
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reducing bacteria
INTRODUCTION
The term microbially-infiuenced corrosion (MIC) is used to denote metal
dissolution due to the presence and activities o f microorganisms within biofilms at
metal surfaces. ^ The traditional metal corrosion reaction is electrochemical, resulting
in the dissolution of metal fi’om anodic sites fi)llowed by electron acceptance at
cathodic sites. ^ Historically, very few forms of corrosion were thought to be
influenced by biological processes *; however, it is now known that corrosion reactions
may be induced or enhanced by microbial activity in the environment surrounding the
metal substratum.

Metabolic groups associated with microbially-infiuenced

corrosion (MIC) include sulfate-reducing, hydrogen-producing, acid-producing, ironreducing , iron-oxidizing, and exopolymer (EPS)-producing bacteria.
Bacteria in natural ecosystems attach to inert surfaces where they form
physiologically active biofilms. ’ A biofilm is a microbial mass composed of bacteria,
algae, and/or other microorganisms. When a metal surface is immersed in an aqueous
solution, biofilm formation begins immediately with the adsorption of organic matter
from the environment onto the metal surfiice. This conditioning film encourages the
adhesion of pioneer bacterial species fisUowed by colonization o f other
microorganisms. " Exopolymer production by biofilm bacteria promotes the initial
attachment o f the bacteria to the metal surface and also functions in the formation and
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maintenance of microcolony and biofilm structure. Physical and chemical microzones
within the biofilm allow many bacterial species with diverse metabolic capabilities to
coexist. The extent of biofilm accumulation is dependent on the amount of nutrients
available for growth and exopolysaccharide production. " The complex consortium of
microorganisms in the biofilm traps ions and creates physical and chemical gradients at
the metal surface. This leads to the formation of an electrochemical cell, with
subsequent metal dissolution and pit formation. ^
Several of the metabolic groups implicated in microbially-infiuenced corrosion
were previously isolated firom rock samples obtained fi'om the proposed nuclear waste
repository site at Yucca Mountain. " These groups include sulfate-reducing, ironoxidizing, and exopolymer-producing bacteria. Corrosion capabilities of these
microorganisms have been measured at ambient temperature using a polarization
resistance technique (Gamry Instruments, Inc.). The results indicated that Yucca
Mountain bacterial isolates are capable of corroding 1020 carbon steel. " Light
microscopy revealed a heavily mineralized matrix containing microcolonies at the fluid
interface, held together by a mineralized capsule
The current investigation focuses on the effects of elevated temperature on the
ability of the same microorganisms to corrode carbon steel. Microbial activity occurs
over a wide temperature range, with microorganisms adapting to and surviving in many
extreme environments. Many of the microorganisms associated with metal corrosion
are active at temperatures well above ambient. Some chemolithotrophic
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microorganisms, such as the sulfur- and iron-oxidizing bacteria, as well as some sulfatereducing bacteria are thermophilic, able to grow optimally at 45 to 80 °C.

Other

aerobic thermophiles include Sulfolobus species, which grow autotrophically at pH 1-3
and at 50-90 °C. T h ^ are capable of producing acids and oxidizing sulfur, ferrous
iron, and metal sulfides for energy.

Moderately thermophilic thiobacilli are also

implicated in corrosion processes. " Reduction in pH extends the upper temperature of
growth for these microorganisms, however, sulfirte-reducing bacteria appear to most
successfully tolerate elevated temperatures. " Most thermophilic species of
Desufovibrio grow over a temperature range of 30 to 65 “C, with D. thermophilus
active at a maximum temperature of 85 °C. Several of the Desulfotomaculum species
are active between 30 and 70 “C. “ The biofilm mode of growth may contribute to the
ability of microorganisms to withstand elevated temperatures, as one of the functions of
exopolymer substances is to protect the attached cells fi'om environmental stresses.
Microbially-infiuenced corrosion is present in a variety of systems, including
marine environments and water transport systems. MIC is now recognized as a
significant mechanism of material degradation. ” In addition to conventionally used
structural materials such as steels and aluminum alloys, MIC has also been shown to
occur in technologically advanced and more costly alloys and composite materials. ^
MIC of storage containers is a potential problem for the safe disposal of nuclear waste.
Alloys of iron, nickel, copper, and titanium are the principal materials being considered
for containment of high-level nuclear waste in mined geological
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repositories. Carbon steels are being considered as suitable materials for the outer shell
of a double-shell storage container for subsurfoce burial. Except for titanium, MIC has
been documented for all metals and alloys under consideration. ”
MATERIALS AND EXPERIMENTAL PROCEDURE
Construction o f the electrochemical cell apparatus
Standard grade thermocouple platinum wire

(6

in. [15.24 cm] length x 0.02

in.[0 508 mm] diameter; Alfo Aesar, Ward HU, MA) and aquarium tubing (12 in.
[30.48 cm] length, 0.05 in. [0.127 cm] id) were inserted into holes drilled in size 8
rubber stoppers (VWR Scientific, West Chester, PA) and autoclaved for 30 min.
Tubing was filled with sterile 3.0% Bacto agar (Difco, Detroit, MI) prepared with a
2%KC1 solution. A 1020 carbon steel coupon (0.0625 in. [0.15875 cm] x 0.25 in.
[0.635 cm] X 6 in. [15.24 cm]; Metal Samples, Munford, AL) was degreased in
acetone, rinsed with distilled water and air-dried prior to autoclaving for 30 min and
insertion into the stopper.
Electrochemical cells were constructed by inserting the apparatus described
above into a glass cylinder (1.57 in. [40 mm] x 5.12 in. [130 mm]; Coming, Coming,
NY) filled with the test medium (see recipe below) and connected to a reference
electrode immersed in 5% KCl “ (Fig. I).
Construction of the electrochemical cells and all subsequent manipulations were
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conducted in a laminar flow hood (Forma Scientific, Marrieta. OH) using aseptic
technique.
Preparation o f the test meitium
Glass cylinders were filled with 100 ml of soft R2A (0.5 g Bacto agar, 0.5 g
yeast extract; 0.5 g proteose peptone; 0.5 g casamino acids; 0.5 g dextrose; 0.5 g
soluble starch; 0.3 g sodium pyruvate; 0.3 g K^PO^; 0.05 g MgSO* THzO); per liter J13 simulated groundwater (19.90 mg CaS0 / 2 H2 0 ; 12.92 mg CaCl; 2 H2O; 19.23 mg
Ca(N0 3 )2 *4 H2 0 ; 17.80 mg MgSO^ ^HjO; 0.14 mg FeCl2 *4 H2Ü; 0.270 mg AICI3 6 H2O;
0.553 mg Li2 S0 « H2 0 ; 0.003 mg MnS0 /H 2 0 ; 13.57 mg KHCO3; 179.4 mg NaHC0 3 ;
2.21 mg HF acid (49%); 303.6 mg NaSi0 2 *9 H2 0 , pH 8.0), final pH 7.2. To inhibit
fungal contamination, cyclohexamide (Sigma Chemical Co., St. Louis, MO) was added
to a final concentration o f0.005%.
Preparation and inoculation o f the electrochemical test cells
Selected exopolysaccharide-producing (EPS) isolates designated YCC-9, QCC21, YMC-35, and YMC-37 were cultured in R2B (fiarmula as above, without Bacto
agar).

Iron-oxidizing bacteria were cultured in an autotrophic iron-oxidizing

medium. ” EPS and iron-oxidizing cultures were aerated by shaking at 125 rpm.
Sulfate-reducing bacteria were cultured in a lactic acid medium ” in an anaerobic
chamber (Lab-Line Instruments, Inc., Melrose Park, IL), in a 30% H2, 50% CO2, and
20

% N2 atmosphere.
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Test microorganisms were cultured separately at ambient temperature, then
mixed together at the time of inoculation. All bacterial inocula were adjusted with
R2B to an optical density (OT>.) of 0 . 1 at 600 nm. The EPS-producing isolates were
incubated for 48 h and equal volumes of each culture were combined. Iron-oxidizing
and sul&te-reducing bacteria were incubated for 1 wk. Equal volumes of the EPSproducing mixture, and the iron-oxidizing, and sul&te-reducing enrichments were
combined to prepare the various corrosion cell inocula, as outlined above.
Test cells were constructed as described above and filled with 100 ml of soft
R2A medium. Seven sets of triplicate cells were inoculated as follows: 1) a mixture of
four exopolysaccharide (EPS)-producing bacteria; 2) sul6 te-reducing bacteria (SRB);
3) iron-oxidizing bacteria (FeOx); 4) EPS/SRB; 5) EPS/FeOx; 6 ) FeOx/SRB; and 7)
EPS/SRB/FeOx. An additional set of cells inoculated with all three microbial types
(EPS/SRB/FeOx) was allowed to colonize at ambient temperature (24 °C) for
approximately 3 wk prior to incubation at SO°C.
Each electrochemical test cell was inoculated with 1 ml of the selected
culture(s) along the length of the metal coupon using a sterile 1 ml serological pipette.
Immediately after inoculation, the stoppers were refitted and the tops of the
electrochemical cells sealed with Parafilm. Uninoculated sterile corrosion cells were
prepared to monitor abiotic corrosion. Initial and weekly corrosion rates were obtained
for the duration of the experiment.
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Measurement o f corrosion rates
Polarization resistance measurements were conducted weekly on each test cell
by conventional potendal-scan method electrochemical-measuring hardware and the
accompanying software from Gamry Instruments, Inc. (Willow Grove, PA) controlled
by an IBM PC-compatible computer. The potential was scanned from -10 mV anodic
to +10 mV cathodic at a maximum rate of 0.05 mV/s. A curve-fit analysis was used to
determine the polarization resistance value, /(p and calculate the corrosion rate (current
density in amps),

, as described by Stem ”

R, = P.P/2.3L.(P. + PJ
( 1)

where P, and P^ are the anodic and cathodic Tafel constants in volts/decade (active
polarization), respectively. Corrosion current densities were converted to corrosion
rates in mils (0 . 0 0 1 in) per year (mpy), using an assumed number of equivalents of
charge and the physical density of the metal.
Assessnænt o f microbial biomass and biofilm formation
Upon completion of these experiments, the test cells were dismantled and
coupons from the cells inoculated with the microbial consortium and corresponding
control cells prepared for phospholipid Atty acid and microscopic analyses to assess
microbial biomass and biofilm formation, respectively. Coupons for phospholipid fatty
acid analysis (PLFA) were asepdcally transferred to sterile plastic bags in duplicate and
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frozen immediately. Coupons for microscopic analysis were aseptically cut into 1 in.
(2.5 cm) pieces in duplicate and transferred to plastic screw-top vials containing a 2%
solution of glutaraldehyde (Sigma) in R2B.
PLFA amUysis- Phospholipids were retracted directly from the coupons using a
modified Bligh and Dyer extraction procedure and silicic acid chromatography in the
laboratory of D. Ringelberg. The ester-linked fatty acids were then transesterified to
methyl esters by mild alkaline methanolysis, and the fetty acid methyl esters (FAME)
were analyzed by capillary gas chromatography (GC) using flame ionization detection
(FID).

Lipid analysis of pure cultures of EPS-producing isolates and enrichment

cultures of the iron-oxidizing and sulfate-reducing bacteria was performed for
comparison.
Microscopic analysis- The biofilms were processed through an acetone dehydration
series and embedded in Epon 812 resin (Marivac, Halifiix, Nova Scotia, Canada) in the
laboratory of G. Southam. After curing for 48 h at 60 °C, the plastic-embedded
biofilms were freeze-fiactured off the steel coupons and re-embedded so that crosssections could be prepared. Biofilms were thin-sectioned (lA^m) using a Reichert-Jung
Ultracut E ultramicrotome (Leica Inc., Deerfield, IL) for transmitted light microscopy
(Nikon Optiphot-2 photomicroscope. Garden City, New York) and energy dispersive
X-ray analysis (EDXA). “ EDXA was used to analyze portions of the spectrum
emitted by the sample and compare these results to calibrated standards. The intensity
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of the emission was proportional to the concentration o f elements present in the
sample.
Analyses were performed on the biofilm surfece, Wm thin sections o f the
biofilm and the coupon. An uninoculated coupon was used as a negative control.
Recovery o f test microorganisms
A sample fi’om each cell near the coupon site was cultured in the appropriate
medium (as described above) as a re-test for the presence o f the originally inoculated
EPS-producing (100 (A on R2A), sulfiite-reducing (I ml in 9 ml lactic acid medium),
and iron-oxidizing (1 ml in 50 ml iron-oxidizing medium) microorganisms.
pH measurements
pH measurements were performed at ambient temperature on each test and
control cell using a 110 ISFET pH meter and microprobe (Beckman Instruments, Inc.,
Fullerton, CA). Measurements were made at the coupon/medium interface, mid-cell,
and the side opposite the coupon (see Figure 1).
RESULTS
Corrosion rates o f electrochemical celts inoculated fvith a single microbial
metabolic type
The average corrosion rates for cells inoculated with a single microbial
metabolic type are depicted in Fig. 2A-C. The graphs compare the test systems at

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

25

incubation temperatures of 24°C and 50°C. For the test systems incubated at 50°C
rates for both the test and the control cells showed some variability, with test cells
frequently paralleling the abiotic controls. Corrosion rates o f cells inoculated with ironoxidizing bacteria averaged 2 . 6 mpy, with a peak average rate of 4.3 mpy on Day 147
(Fig. 2A). Corrosion rates for the set of electrochemical cells inoculated with the EPSproducing microorganisms averaged 2.3 mpy, with a peak average rate of 4.0 mpy on
Day 147 (Fig 2B). Corrosion rates of cells inoculated with sulfiite-reducing bacteria
averaged 2.8 mpy, with a peak average rate of 5.2 mpy on Day 147 (Fig. 2C). For
much of the duration of the experiment (147 d), the test and control cells were not
significantly different. However, at Day 105, the corrosion rate in the 50° C control
cells began to increase, rising from an average rate of 3.2 mpy and peaking at 8 mpy
(Fig. 2D).
Of the test microorganisms inoculated into R2A agar and incubated at ambient
temperature (109 d), iron-oxidizing bacteria showed the lowest peak average corrosion
rate of 2.3 mpy (Fig. 2A), followed by EPS-producing microorganisms at 2 . 8 mpy (Fig.
2B), and sulfete-reducing bacteria at 3.3 mpy (Fig. 2C). ^ At all timepoints at ambient
temperature, the corrosion rates obtained in the test systems exceeded those obtained
in the controls (1.2 mpy) (Fig. 2D).
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Corrosion rates o f electrochemical cells inoculated wüh condtinations o f microbial
metabolic types
The average corrosion rates for cells inoculated with combinations of microbial
metabolic types are depicted in Fig. 3A-C For the test systems incubated at 50°C,
rates for both the test and the control cells again showed some variability. At several
timepoints rates of the test and control cells were not significantly different. The sets of
electrochemical cells inoculated with EPS-producing/iron-oxidizing and ironoxidizing/sul&te-reducing combinations followed a similar pattern, with average
corrosion rates of 2.7 and 2.9 mpy, peaking at 3.7 (Day 147) and 4.4 (Day 105),
respectively (Fig. 3A-B). Average corrosion rates of cells inoculated with EPSproducing/sul&te-reducing combination exhibited the highest average corrosion rate,
3.9 mpy, with a peak average rate of 6.0 (Day 105) (Fig. 3C).
In the ambient temperature study, EPS-producing/iron-oxidizing combination
exhibited the lowest average corrosion rate of 3.4 mpy, followed by the ironoxidizing/sulfate-reducing and EPS-producing/sulfate-reducing combinations, each at
4.1 mpy.
Controls for ambient and elevated temperature systems are as in Fig. 2D.
Corrosion rates o f electrochemiad cdls inoculated with the test consortium
The average corrosion rates for cells inoculated with all three microbial
metabolic types are depicted in Fig. 4. For the test system incubated at 50 °C, the
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average corrosion rate peaked at Day 21 (3.2 mpy), then dropped and paralleled the
abiotic control for much o f the remainder o f the experiment (Fig. 2D). At Day 105
both the test and control systems began to rise again.
These results are lower than rates exhibited in the ambient temperature study, in
which the consortium containing all three microbial metabolic types exhibited a peak
corrosion rate o f 4.6 mpy (Fig.4).
Elevated corrosion rates were observed in the set o f cells allowed to colonize at
ambient temperature prior to incubation at 50°C (Fig. 5). Although the rates varied, at
almost all timepoints the test cells were higher than the control. The average corrosion
rate for this system was 4.6 mpy, peaking at 7.1 (Day 103).
Microbial biomass and biofilm formation
Biomass estimates - Electrochemical cells inoculated with the test consortium
showed considerably higher PLFA values than did the control samples. More biomass
was produced in the ambient temperature system (1911.0 pmol/g PLFA) than either the
elevated (287.5 pmol/g PLFA) or ambient/elevated (773.5 pmol/g PLFA) temperature
systems. High PLFA values were observed in one of the control samples from the
ambient temperature system, leading to an exaggerated average biomass estimate It is
reasonable to assume that the system remained sterile during electrochemical
monitoring as the corrosion rates were low and stable. Samples may have been
contaminated during disassembly of the electrochemical cells or subsequent PLFA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

28

analysis. (Table I).
Commumty composition - Monounsaturates were prevalent in all test isolate
and enrichment cultures, especially YCC-9, YMC-3S, and the SRB enrichment.
Phospholipid profiles fi’om all temperature systems demonstrated normal
saturated PLFA, found as procedural contaminants as well as membrane constituents.
Phospholipid profiles fi’om the ambient elevated temperature system were dominated by
monounsaturates (54.5 mole %). Normal saturates (74.9 mole %) were predominant in
the elevated temperature system. Both normal saturates and monounsaturates were
predominant in the ambient/elevated temperature system (Table 2).
Light microscopy of a typical biofilm surfitce revealed few areas of unoxidized
steel. (Fig. 6 A). In contrast, much o f the steel surfece can be seen in a control sample
(Fig. 6 B). Examination of the coupon surface after the biofilm was removed revealed
bacteria-sized corrosion pits (Fig. 7). Test cells fi’om all temperature systems
demonstrated chemical corrosion underlying a heavily mineralized biofilm (Fig. 8 A, 8 C
and 8 E). Mineralization was also present in the control samples, as well, but to a much
lesser extent (Fig. 8 B, 8 D, and 8 F).
EDXA demonstrated that all of the mineralized biofilms and controls contained
iron oxide precipitates (Fig. 9A-B). EDXA of the controls also showed iron-sulfide
precipitates. The ambient/elevated temperature system also demonstrated ironphosphate precipitates (Fig. 9B). NCneral concentrations were higher in the test cells.
Unlabeled peaks represent the aluminum stud (1.5), chloride fiom the embedding
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medium (1.5), nickel (7 5/8.3), and copper grids (8.0), respectively.
Recovery o f test imcroorganisms
Samples from cells containing the test consortium, EPS-producing bacteria
only, EPS/FeOx and EPS/SRB combinations, and abiotic controls were plated on R2A
agar, however no EPS-producing isolates were recovered.
Samples from cells containing the test consortium, sulfiite-reducing bacteria
only, SRB/FeOx and EPS/SRB combinations, and abiotic controls were inoculated into
lactic acid medium. A black precipitate, ferric sulfide, was observed in the
ambient/elevated temperature consortium, the elevated temperature SRB/FeOx
combination and the EPS/SRB combination, indicating the presence of sulfetereducing bacteria.
Samples from cells containing the test consortium, iron-oxidizing bacteria only,
EPS/FeOx and SRB/FeOx combinations, and abiotic controls were inoculated in an
iron-oxidizing medium. Scattered clumps of motile and non-motile, small, rod-shaped
cells were observed under oil immersion in inoculates derived from the elevated
temperature and ambient/elevated temperature systems. Non-motile cells were also
noted in one control from each temperature system, although in fewer numbers relative
to the test.
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pH measurements
Average pH measurements for the elevated temperature experiments are given
in Table 3. Values in the abiotic control and EPS-producing cells remained near the pH
of the test medium. Cells containing iron-oxidizing bacteria, alone and in combination,
exhibited the lowest pH values at all sampling sites. Cells containing only sulfetereducing bacteria exhibited pH values of about 6 . 8 throughout the cell, while the
EPS/SRB combination was slightly more acidic, at about 6.3. The consortium
exhibited the lowest pH values, at about S.5.
Average pH measurements for the ambient/elevated temperature experiments
are represented in Table 4. Similar results were observed, with the microbial
consortium exhibiting a much lower pH than the abiotic control at all sampling sites.
Characterization o f test nucroorganisms
Samples of the enrichment culture of sulfate-reducing bacteria were sent to D.
Boone, Oregon Graduate Institute, for characterization. Four strains of motile rods (11.2 X3-6 yum) with oval, subterminal to terminal endospores were isolated. All strains
were mesophilic, growing between 25-37°C. In combination with sulfate, all strains
were found to utilize lactate, hydrogen, pyruvate, ethanol, butyrate (weakly), and
crotonate (weakly) as catabolic substrates. None could utilize acetate, propionate,
succinate, glucose, benzoate, malate, or acrylate. All strains grew at pH 6.5-7.S.
Preliminary results suggest that these strains belong to the genus Desulfotomaculum,
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however several important physiological and metabolic differences exist between
Yucca Mountain microorganisms and previously established members o f this genus.
Further characterization, including 16s rDNA sequencing is in progress.
DISCUSSION
Our results indicate that temperature has a significant impact on the ability of
native Yucca Mountain microorganisms to corrode carbon steel. Corrosion rates of
the electrochemical cells inoculated with a single microbial type and incubated at 50°C
did not differ greatly from the control cells for most of the experiment. At steady
elevated temperature, the electrochemical cells inoculated with combinations of
microbial types demonstrated slightly increased corrosion rates, with the EPS/SRB
combination exhibiting the highest average corrosion rate of all the test cells. Because
natural populations tend to exist in the biofilm mode of growth, this finding is not
surprising. The exopolysaccharide matrix provides anaerobic microzones near the
metal surfece facilitating corrosion by SRB. The accelerated rate of corrosion seen in
the control cell at Day 105 was most likely due to high-temperature attack on the
protective passive layer.
A significant finding of this experiment was the impact of colonization at
ambient temperature prior to incubation at elevated temperature. Corrosion rates in the
test consortium increased dramatically when the system was allowed to colonize at
ambient temperature prior to incubation at 50°C. It is reasonable to assume that the
colonization period was sufficient to allow the establishment of the polymeric network
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necessary to support microbial growth and subsequent corrosion. This is supported by
the PLFA results, which show that more biomass was produced in the
ambient/elevated temperature system.
Community structures defined by phospholipid profiles of the three temperature
systems were distinctly different. Although all systems were dominated by normal
saturates, they were present in higher proportion in the elevated temperature system.
Higher levels of monounsaturates were detected in the ambient/elevated temperature
system, while the elevated temperature system had a greater percentage o f terminally
branched saturates. The shift in lipid proportions may correspond to a change in the
microbial community at different temperatures or the types of lipids needed to maintain
the appropriate membrane fluidity.
Microscopic analyses confirmed that there was biofilm production in the test
cells of all three temperature systems. These results, in combination with the PLFA
data and culture results, suggest that material in the abiotic control is most likely the
conditioning film on the metal surfece. Bacteria-sized grains observed in all the
mineralized biofilms and controls were chemical precipitates. More biofilm was noted
in the ambient/elevated temperature system, supporting the importance of ambient
colonization.
SRB were recovered from the ambient/elevated consortium and the elevated
temperature combinations. SRB are the most active group in corrosion processes
associated with bacteria. Because of the obligate anaerobiosis of these microbes, it is not
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surprising to find them as components of a microbial consortium. ^ Iron-oxidizing
bacteria were recovered fi’om electrochemical cells subjected to both temperature
treatments. This was unexpected because o f the low corrosion rates they exhibited, alone
and in combination, as well as the fitct that they were below the limit of detection by
PLFA analysis.. These microorganisms are extremely slow growing due to their
autotrophic metabolism and take advantage of their acidic environment to generate the
protonmotive force necessary to make ATP. “ All species grow well between pH 2 and
5, but poorly above this range and are typically mesophilic.

The low numbers of cells

observed in culture may be incapable of sustained growth or metabolism at elevated
temperature and pH. However, facultative thermophilic iron-oxidizing bacteria have also
been described which grow in the range of 10-35°C, but may also grow as high as SS°C
if the medium is amended with either yeast extract, organic compoimds with sulfhydryl
groups, or an organic compound plus a source of sulfur. ^ Since motile and non-motile
strains were observed in culture, it is possible that at least two iron-oxidizing species are
present. Some iron-oxidizing bacteria produce sulfuric acid during metabolism of
reduced sulfur compounds, potentially generated by SRB in the system. ” All microbial
combinations containing the iron-oxidizing bacteria exhibited lower pH values than any
other microbial type. Acidic metabolites produced by microorganisms can prevent
passivation or disrupt an existing passive film. ^ Although no EPS-producing isolates
were recovered by culture, it is possible that they were induced into a viable but
nonculturable (VNBC) state by incubation at elevated temperature. It has been
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demonstrated that the VNBC state may indicate a bacterial response to injury or
environmental stress. Cells in the VNBC state often exhibit a reduced ability to form
colonies when plated on solid growth medium.
CONCLUSIONS
It is essential to understand the metabolic capabilities of microorganisms
indigenous to the deep subsurfece of Yucca Mountain because these processes can affect
the integrity o f the materials chosen for site construction and waste containment. All the
requirements necessary to support microbial growth are present in the native rock or will
be introduced during repository construction. Initially, emplacement of nuclear waste
may create an unfevorable habitat for microorganisms due to increased temperature,
radiation level and dessication, however, native microorganisms surviving these
conditions may eventually be able to resume their corrosive metabolism when the
temperature and moisture levels are compatible with microbial growth.
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Figure 1. Schematic diagram of the electrochemical corrosion cell.
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Figure 2. Average corrosion rates of electrochemical cells inoculated with a single
microbial type, plotted as the mean of three samples ± one standard error ironoxidizing bacteria (FeOx) (A); exopoiysaccharide (EPS)-producing bacteria (B);
sulfate-reducing bacteria (SRB) (C); uninoculated control (D). Ambient temperature
data from Pitonzo, 1996.
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Figure 3. Average corrosion rates o f electrochemical cells inoculated with
combinations of microbial types, plotted as the mean of three samples ± one standard
error EPS/FeOx (A); FeOx/SRB (B); EPS/SRB (C). Ambient temperature data from
Pitonzo, 1996.
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Figure 4. Average corrosion rates of electrochemical ceils inoculated with the test
consortium, plotted, plotted as the mean of three samples ± one standard error.
Ambient temperature data from Pitonzo, 1996.
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Figure 5. Average corrosion rates of electrochemical ceils inoculated with the test
consortium and allowed to colonize at ambient temperature (or 2 1 d prior to incubation
at 50“C-
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Figure 6 . Light micrographs of typical biofilm (A) and uninoculated control (B)
surfaces. Magnification 400X. Bar = lOfim.
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Figure 7. Light micrograph of a coupon with the biofilm removed. Note the bacteriasized corrosion pits. Magnification 400X. Bar = ZOf^m.
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Figure 8 . Light micrographs of coupon cross sections: ambient temperature system (A);
ambient temperature system control (B); elevated temperature system (C); elevated
temperature system control (D); ambient/elevated temperature system (E);
ambient/elevated temperature system control (F). Magnification lOOOX Bar = 20 fim.
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Figure 9. EDXA spectra of mineral precipitates: typical uninoculated control (A);
ambient/elevated temperature system (B).
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Table 1. PLFA biomass estimates for the test consortium and uninoculated
controls incubated at all three temperature systems **'*

temperature system

test consortium

uninoculated control

ambient

1911.0 (510.5)

3559.0 (4088.5)

SO*C

287.5 (166.2)

177.5 (23.3)

ambient/50°C

773.5 (331.6)

154.5 (126.6)

* Mean values of duplicate samples are represented; standard deviations are in
parentheses.
" Data is expressed as pmol ester-linked phospholipid &tty acids/g.

Table 2. Microbial community analysis based on fatty acid functional group
distribution for the consortium incubated at all three temperature systems

temperature
system

normal
saturates

terminallybranched
saturates

monounsaturates

ambient

23.3 (4.9)

9.4 (4.9)

54.5 (4.2)

50“C

74.9 (4.9)

15.1 (8.5)

ambient/50 °C

59.6 (0.92)

8.0 (11.2)

9.9 (13.3)
32.4 (12.0)

' Mean values of duplicate samples are represented; standard deviations are in
parentheses.
Data is expressed as mole % total PLFA.
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Table 3. pH measurements of electrochemical cells incubated at elevated
temperature *

test
microorganism(s)

coupon/medium
interface

mid-cell

side opposite
coupon

EPS-producing

7.3 (0.30)

7.3 (0.08)

7.3 (0.05)

iron-oxidmng

6.3 (0.51)

6 .0

(0.28)

5.8 (0.28)

(0.46)

6 .8

(0.45)

6.7 (0.50)

sulfate-reducing

6 .8

FeOx/SRB

5.9 (0.20)

5.9 (0.33)

5.7 (0.64)

EPS/FeOx

6.1 (0.27)

5.7 (0.18)

5.3 (0.30)

EPS/SRB

6.3 (0.93)

6.3 (0.88)

6.2 (0.98)

EPS/FeOx/SRB

5.5 (0.18)

5.7 (0.63)

5.4 (0.23)

abiotic control

7.2 (0.06)

7.2 (0.08)

7.1 (0.03)

*Mean values of three replicate samples are represented; standard deviations are in
parentheses.
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Table 4. pH measurements of electrochemical cells incubated at
ambient/elevated temperature*

test
microorganism(s)

coupon/medium
interface

mid-cell

side opposite
coupon

EPS/FeOx/SRB"

5.7 (0.12)

5.5 (0.05)

5.5 (0.29)

abiotic control

7.1 (0.45)

7.2 (0.14)

6 .8

(0.33)

* Mean values of three replicate samples are represented; standard deviations are in
parentheses.
'’Test system and control at ambient temperature for 21 d prior to incubation at
50X .
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CHAPTERS
THE CORROSION OF CARBON STEEL IN ROCK MICROCOSMS
CONTAINING NATIVE YUCCA MOUNTAIN MICROORGANISMS
This chapter has been prepared for submission to Corrosion and is presented in the
style of that journal. The complete citation is:
P R. Castro, P S. Amy, D. Jones, H.V. Crossen, G. Southam, D.B. Ringelberg. 1997.
The capability of native Yucca Mountain microorganisms to corrode carbon steel in
rock microcosms.
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ABSTRACT
Mcroorganisms implicated in microbially-influenced corrosion were isolated
from the deep subsurface at Yucca Mountain, and include iron-oxidizing ^eOx),
sulfate-reducing (SRB), and exopolysaccharide (EPS)-producing bacterial species. ‘
Various combinations of these microorganisms were inoculated into a test system
composed of a 1020 carbon steel coupon immersed in soft R2A agar prepared with
simulated groundwater. A 1% KCl bridge was used to connect the test system to a
calomel reference electrode. A platinum counter electrode was used to apply a
potential and the corrosion rate was measured by polarization resistance. Prior studies
at ambient temperature demonstrated that these microorganisms were capable of
corroding carbon steel. ^ Subsequent studies at 50 °C showed that the same
microorganisms are capable of corrosive metabolic activity at this elevated temperature
(see Chapter 2). The current research investigated whether the presence of a rock
sur6 ce enhanced the ability of the test microorganisms to survive elevated temperature
and corrode carbon steel. Sets of electrochemical cells filled with a mixture of sterile
rock and soft agar were inoculated with a combination of all three microbial types. One
set remained at ambient temperature (24 °C) for the duration of the experiment. A
second set was incubated immediately at 50 °C and an additional set was allowed to
colonize at ambient temperature for 3 wk prior to incubation at SO °C. Uninoculated
electrochemical cells were prepared to monitor abiotic corrosion. Initial and weekly
corrosion rates were obtained for the duration of the experiment. Upon completion of
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the experiment, the test system was dismantled and the coupons prepared for
phospholipid 6 tty acid and microscopic analyses, to assess microbial biomass and
biofilm fi)rmation, respectively. Increased biomass and higher corrosion rates were
observed in the rock/agar microcosms.
KEY WORDS: microbially-influenced corrosion, biofilm, carbon steel. Yucca
Mountain, exopolysaccharide-producing bacteria, iron-oxidizing bacteria, sulfatereducing bacteria
INTRODUCTION
An interest in the subsurfitce and subsequent investigations have led to concerns
about the integrity of permanent storage of high-level nuclear waste in stable deep
geological formations. ' Those microorganisms capable of inducing microbiallyinfluenced corrosion (MIC) are of special interest, as their metabolic activities can
affect the integrity of materials chosen for the containment of nuclear waste. Alloys of
iron, nickel, copper, and titanium are the principal materials being considered for
containment of high-level nuclear waste in mined geological repositories. Carbon steels
are considered suitable materials for the outer shell of a double-shell storage container
for subsurface burial. Except for titanium, MIC has been documented for all metals
and alloys under consideration. *
Several of the metabolic groups implicated in microbially-influenced corrosion
have been isolated fi*om the deep subsurface o f the proposed repository site at Yucca
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Mountain, Nevada Test Site. These include iron-oxidizing sulAte-reducing, and
exopolysaccharide-producing bacterial species. ^ Analysis revealed that the host rock at
Yucca mountain contains many mineral oxides, as well as inorganic nutrients necessary
for microbial metabolism (e.g., nitrogen, sulfur, phosphorus, iron, and manganese) and
low amounts of carbon. The groundwater contains dissolved o^qrgen concentrations
ranging from below detection to 6 mg/L and the forms of nitrogen, sulfur, phosphorus,
and carbon utilizable by subsurAce microorganisms. '
In general, repository microorganisms may be nutrient-limited if their activity
depends on the natural concentrations of nutrients found in the groundwater. It has
been speculated that long residence times of deep groundwaters could lead to an
extremely low turnover in the rate of nutrient input, resulting in the inability to sustain a
significant microbial population. ^ Growth rates of subsurface microbial communities
have been estimated at 5-10 x 10 ^cells/ g of sediment per day. These rates are 2 to
1000 Xlower than those measured in surfitce soils. '
Because the nutrient status of many microbial habitats is too low to support
active growth of microorganisms, most of the bacteria in natural ecosystems attach to
inert sur&ces where they form physiologically active biofilms. ’ A biofilm is a microbial
mass composed of bacteria, algae, and/or other microorganisms. When a surface is
immersed in an aqueous solution, biofilm formation begins immediately with the
adsorption of organic matter from the environment onto the substratum. This
conditioning film encourages the adhesion of pioneer bacterial species fiallowed by
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colonization of other microorganisms. "
In addition to the presence o f adsorbed macromolecules on the surface of the
substratum, attached bacteria may also condition the surfitce as substratum attachment
sites are covered by deposited bacteria. Attachment would then be dependent on cellto-cell adhesion, as well as cell-surfttce attachment.

Bacterial adhesion may also be

locally enhanced by surface topography, which results in increased advective transport
of cells, with microorganisms adhering more firmly once attached due to a larger zone
of quiescent fluid and decrease in shear force in the vicinity of the surface.
Motility has also been shown to improve the success of many bacteria during
colonization events.

While motility confers a definite competitive surface-

colonizing advantage, it has been demonstrated that gravity promotes the attachment of
nonmotile bacteria to sur&ces. " Motility has also been shown to decrease penetration
times and rates of microbial penetration through porous soil/groundwater models. "
During competitive microbial attachment, microorganisms first gaining access
to newly exposed surfaces may physically exclude a potential competitor, subsequently
benefitting with respect to position and utilization o f absorbed nutrients.

The

success of a pioneer colonizer will depend on its adhesive characteristics, afiSnity for
the substratum, and growth rate.
Attached microbial communities are characterized by the presence of an
extensive exopolymeric network. Exopolymers play a significant role in the
establishment and development of biofilm communities and contribute to improved
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microbial competitiveness and reproductive success. ^ Exopolymer production by
biofilm bacteria promotes the initial attachment o f the bacteria to the substratum and
also functions in the formation and maintenance o f microcolony and biofilm structure.
The extent of biofilm accumulation is dependent on the amount of nutrients available
for growth and exopolysaccharide production. ” Exopolymers can function as an
effective nutrient trap when the nutrient concentration is low, increasing the efBciency
of the biofilm community. T h ^ can also localize the extracellular enzymes responsible
for hydrolyzing high molecular weight organic matter into a more usable form before it
enters cells.

The complex microbial consortium in the biofilm trap ions and create

physical and chemical gradients at the surfitce, allowing many bacterial species with
diverse metabolic capabilities to coexist.

The biofilm also impedes the movement

of microbial metabolites resulting in the concentration of these by-products at or near
the surface. ” The composition of the biofilm also restricts the entry of antibacterial
agents. ^
The advantages of microbial growth in surface-attached communities are
obvious. An understanding of the activities of microorganisms on surfaces is critical to
the control of microbially-influenced corrosion and other biologically-mediated
processes. Loss of integrity of the metal canisters proposed for use at Yucca Mountain
could result in the contamination of the surrounding environment by radioactive waste.
The current investigation addresses whether a solid surface promotes colonization and
biofilm formation, at near ambient and elevated temperatures, of a consortium of native
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microorganisms known to corrode carbon steel.
MATERIALS AND EXPERIMENTAL PROCEDURE
Sample collection
Rock samples were obtained at 60 m depth from an alcove located within the
north portal exploratory shaft at the proposed nuclear waste repository site at Yucca
Mountain, Nevada Test Site. Rock from this site is unsaturated, densely welded tuff.
Rock samples were aseptically collected using an air impact hammer and transported to
the laboratory in coolers containing blue ice.

Rock was stored at >20°C until further

analysis.
Sample preparation
Rock was ground with a sterile mortar and pestle and passed through ASTM
standard testing sieves, mesh sizes 2 mm (0.0787 in.) and 500 /zm (0.0197 in.) (VWR
Scientific, West Chester, PA) . Portions were allocated for the sterile rock/R2A
medium experiments and sterile rock controls. The rock was spread in a shallow pan
to maximize the surface area exposed to the autoclave process and autoclaved for 2 h..
A 1:10 slurry o f the rock in 0.1% sodium pyrophosphate was prepared and shaken for
1

h at 125 rpm and 24° C.

Effectiveness of sterilization was assessed by plating

lA of this sliury on triplicate R2A agar plates (Difco, Detroit, MI) and monitoring
growth after 24, 48 and 72 h and 1 and 2 wk incubation at 24°C.
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Construction o f the electrochemical ceU apparatus
Standard grade thermocouple platinum wire ( 6 in. [15.24 cm] length x 0.02
in.[0.508 mm] diameter; Alftt Aesar, Ward KU, MA), and aquarium tubing (12 in.
[30.48 cm] length x 0.05 in. [0.127 cm] id) were inserted into holes drilled in size 8
rubber stoppers (VWR Scientific) and autoclaved for 30 min. Tubing was filled with
sterile 3.0% Bacto agar (Difco) prepared with a 2% KCl solution. A 1020 carbon
steel coupon (0.0625 in. [0.15875 cm] x 0.25 in. [0.635 cm] x 6 in. [15.24 cm]; Metal
Samples, Munford, AL) was degreased in acetone, rinsed with distilled water and airdried prior to autoclaving for 30 min and insertion into the stopper.
Electrochemical cells were constructed by inserting the apparatus described
above into a glass cylinder (1.57 in. [40 mm] x 5.12 in. [130 mm]; Coming, Coming,
NY) filled with the test medium (see recipe below) and connected to a reference
electrode immersed in 5% KCl ” (Fig. 1). Construction of the electrochemical cells
and all subsequent manipulations were conducted in a laminar flow hood (Forma
Scientific, Marrieta. OH) using aseptic technique.
Preparation o f the test medium
Glass cylinders were filled with 125 g of ground sterile rock mixed with 50 ml
of soft R2A (0.5 g Bacto agar, 0.5 g yeast extract; 0.5 g proteose peptone; 0.5 g
casamino acids; 0.5 g dextrose; 0.5 g soluble starch; 0.3 g sodium pyruvate; 0.3 g
K2PO4 ; 0.05 g MgSO^ 7 H2O); per liter J-13 simulated groundwater (19.90 mg
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CaSO^ ZH^O; 12.92 mg CaCl^ ^HiO; 19.23 mg CaCNO,): 4 ^ 0 ; 17.80 mg
MgS0 4 -7 H,0 ; 0.14 mg FeCl^ ^HjO; 0.270 mg AlClj-OHjO; 0.553 mg U 2SO4 H2O;
0.003 mg MnSO^ HjO; 13.57 mg KHCO3 ; 179.4 mg NaHCOj; 2.21 mg HF acid
(49%); 303.6 mg NaSi0 2 -9 H2 0 , pH 8.0) final pH 7.2. To inhibit fimgal contamination,
cyclohexamide (Sigma, St. Louis, MO) was added, to a final concentration o f0.005%.
Preparation and inoculation o f the electrochemical test cells
Selected exopolysaccharide-producing (EPS) isolates designated YCC-9, QCC21, YMC-35, and YMC-37 were cultured in R2B (formula as above, without Bacto
agar). Iron-oxidizing bacteria were cultured in an autotrophic iron-oxidizing medium
(Atlas, 1993). EPS and iron-oxidizing cultures were aerated by shaking at 125 rpm.
Sulfate-reducing bacteria were cultured in a lactic acid medium ^ in an anaerobic
chamber ^ab-Line Instruments, Inc., Melrose Park, IL), in a 30% Hj, 50% CO2, and
20

% N2 atmosphere.
Test microorganisms were cultured separately at ambient temperature, then

mixed together at the time of inoculation. All bacterial inocula were adjusted with
R2B to an optical density (O.D.) of 0.1 at 600 nm. The EPS-producing isolates were
incubated for 48 h and equal volumes of each culture were combined. Iron-oxidizing
and sulfate-reducing bacteria were incubated fi>r 1 wk. Equal volumes of the EPS
mixture, and the iron-oxidizing, and sulfate-reducing enrichments were combined to
prepare the corrosion cell inoculum.
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Test cells were constructed as described above and filled with the mixture of
ground sterile rock/ soft R2A. Test cells were inoculated with all three microbial types
(EPS/SRB/FeOx). One set of cells was incubated at ambient temperature (24°C), a
second set was incubated immediately at SO°C, and a third set of cells was allowed to
colonize at ambient temperature for 3 wk prior to incubation at 50°C.
Each test electrochemical cell was inoculated with 3 ml of inoculum along the
length of the metal coupon using a sterile serological pipette. Immediately after
inoculation, the stoppers were refitted and the tops o f the electrochemical cells were
sealed with Parafilm. Uninoculated sterile corrosion cells were prepared to monitor
abiotic corrosion. Initial and weekly corrosion rates were obtained for the duration of
the experiment.
Measurement o f corrosion rates
Polarization resistance measurements were conducted on each test cell by
conventional potential-scan method electrochemical-measuring hardware and the
accompanying software fi’om Gamry Instruments, Inc. (Willow Grove, PA) controlled
by an IBM PC-compatible computer. The potential was scanned from -10 mV anodic
to +10 mV cathodic at a maximum rate ofO.OS mV/s. A curve-fit analysis was used to
determine the polarization resistance value, Rp and calculate the corrosion rate (current
density in amps),

, as described by “
R, = P .P /Z 3 L .( P . + P j
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where P, and P, are the anodic and cathodic Tafel constants in volts/decade (active
polarization), respectively. Corrosion current densities were converted to corrosion
rates in mils (0 . 0 0 1 in) per year (mpy), using an assumed number of equivalents o f
charge and the physical density of the metal.
Assessment o f microbial biomass and biofilm form ation
Upon completion of the experiments, test cells were dismantled and coupons
from test and abiotic control cells prepared for phospholipid fetty acid and microscopic
analyses to assess microbial biomass and biofilm formation, respectively. Coupons for
phospholipid fat^ acid analysis (PLFA) were aseptically transferred to sterile plastic
bags in duplicate and frozen immediately. Coupons for microscopic analysis were
aseptically cut into

1

in. (2.5 cm) pieces in duplicate and transferred to plastic screw-

top vials containing a 2% solution of glutaraldehyde (Sigma) in R2B.
PLFA analysis- Phospholipids were extracted directly from the coupons using a
modified Bligh and Dyer extraction procedure and silicic acid chromatography in the
laboratory of D. Ringelberg. The ester-linked fatty acids were then transesterified to
methyl esters by mild alkaline methanolysis, and the fatty acid methyl esters (FAME)
were analyzed by capillary gas chromatography (GC) using flame ionization detection
(FID). ^ Lipid analysis of pure cultures of EPS-producing isolates and enrichment
cultures of the iron-oxidizing and sulfitte-reducing bacteria was performed for
comparison.
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Microscopic analysis- The biofilms were processed through an acetone dehydration
series and embedded in Epon 812 resin (Marivac, Halifex, Nova Scotia, Canada) in the
laboratory of G. Southam, Northern Arizona University. After curing for 48 h at 60
°C, the plastic-embedded biofilms were fi’eeze-fiactured ofiTthe steel coupons and re
embedded so that cross-sections could be prepared. Biofilms were thin-sectioned
(l//m) using a Reichert-Jung Ultracut E 0MU2 ultramicrotome (Leica, Inc., Deerfield,
IL) for transmitted light microscopy (Nikon Optiphot-2 photomicroscope. Garden City,
New York) and energy dispersive X-ray analysis ^DXA). ” EDXA was used to
analyze portions of the spectrum emitted by the sample and compare these results to
calibrated standards. The intensity of the emission was proportional to the
concentration of elements present in the sample.
Analyses were performed on the biofilm surfece, I/zm thin sections of the
biofilm and coupon. An uninoculated coupon was used as a negative control.
Recovery o f test microorganisms
A sample fi’om each cell near the coupon site was obtained and cultured in the
appropriate medium (as described above) as a re-test for the presence of the originally
inoculated EPS-producing (100 //I on R2A), SRB (1 ml in 9 ml lactic acid medium),
and FeOx (I ml in 50 ml iron-oxidizing medium) microorganisms.
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RESULTS
Corrosion rates o f electrochemical cells inoculated with the test consortium
Electrochemical cells incubated at ambient temperature for the duration of the
experiment (70 d) exhibited an average corrosion rate of 8.0 mpy, with an average peak
rate of 12.9 ^ a y 63) (Fig. 2A). In a prior study, in which the same test consortium
was inoculated into R2A agar only, average corrosion rates peaked at approximately
4.6 mpy at Day 15 and started to decline at Day 30 (Fig. 2A). Average corrosion rates
of the rock/R2A agar system were higher than those of the control (1.6 mpy) at all
timepoints (Fig 2B). Corrosion rates of the abiotic control cells in the agar-only
experiment averaged 1.2 mpy “ (Fig. 2B).
The set of electrochemical cells incubated at 50° C for the duration o f the
experiment exhibited an average corrosion rate of 9.3 mpy, with an average peak rate
of 12.5 mpy (Day 49) (Fig. 3A). Corrosion rates of the abiotic control averaged 4.8
mpy (Fig. 3B). Corrosion rates in the agar-only system averaged 2.7 mpy (Fig. 3A),
frequently paralleling the abiotic control (see Chapter 2) (Fig.3B).
The set of electrochemical cells incubated at 24° C for 21 d, then transferred to
50°C, exhibited a fairly steady initial corrosion rate of approximately 3.7 mpy, with a
slight decrease at Day 21 (Fig. 4A). By Day 42 the average corrosion rate began to
rise, peaking at 7.8 mpy (Day 56). In the %ar-only system, average corrosion rates
were much more variable for the duration of the experiment (147 d), averaging 4.6
mpy, with a peak of 7.1 mpy (Day 105) (Fig. 4A). Corrosion rates of the abiotic
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control cells averaged 2.4 mpy during this same timeframe (Fig. 4B). Again, the
average corrosion rates in the rock/R2A system were higher than in a similarly treated
system composed o f soft R2A alone (see Chapter 2). Corrosion rates of the abiotic
control in the agar-only system averaged 2 . 0 mpy, until Day 98 when the corrosion rate
began to increase, attaining a value of 8.7 mpy at the end o f the experiment (Fig. 4B).
Microbial biomass and biofilm form ation
Biomass estimates - Electrochemical cells inoculated with the test consortium
showed considerable more total PLFA than did the control samples. More biomass
was induced in the ambient/elevated temperature system (average of 1391.5 pmol/g
PLFA), than the ambient (367.5 pmol/g PLFA) or elevated (491.5 pmol/g PLFA)
temperature systems (Table 1).
Commumty composition - Monounsaturates were prevalent in all test isolate
and enrichment cultures, especially YCC-9, YMC-35, and the SRB enrichment.
Normal saturated phospholipids were also prevalent in QCC-21, YCC-9, and the SRB
enrichment. Phospholipid profiles of test cells in both the ambient and ambient/elevated
temperature systems were dominated by monounsaturates (74.2 and 56.6 mol %,
respectively). Normal saturated lipids were also present (20.8 and 41.7 mol %,
respectively). Phospholipid profiles of test cells in the elevated temperature system
were dominated by normal saturated lipids (63.6 mol %). Terminally branched
saturates and monounsaturates were present to a lesser extent (20.6 and 15.9 mol %,
respectively) (Table 2).
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The predominant monounsaturate was 16: lw7c and the predominant saturate
was 16:0. Both of these acids were most prominent in the EPS-producing isolate
YCC-9.
Microscopic analysis demonstrated chemical corrosion underlying a heavily
mineralized biofilm in each of the rock/soft R2A systems (Fig. 5A, SC, and SE)
Mineralization was present in the control samples, as well, but to a much lesser extent
(Fig. SB, 5D, and 5F).
Energy dispersive X-ray analysis demonstrated that all of the mineralized
biofilms and controls contained iron oxide precipitates (Fig. 6 A-D). Iron-sulfide
precipitates were demonstrated in the controls and ambient temperature system (Fig.
6

A, 6 B). Only iron-oxide precipitates were detected in the elevated temperature

system (Fig. 6 C). Iron-phosphate precipitates were demonstrated in the
ambient/elevated temperature system (Fig. 6 D). Unlabeled peaks represent the
aluminum stud (1.5), chloride fi'om the embedding medium (1.5), nickel grid (7.S/8.3),
and copper grid (8 .0 ), respectively.
Recovery o f test microorganisms
Samples fi'om electrochemical test cells and abiotic controls were obtained near
the coupon site and plated on R2A agar, with two of the four EPS-producing isolates
(YMC-35 and YMC-37) being recovered in the ambient and ambient/elevated
temperature systems ( 1 - 2 colonies of each type at each system).
Samples fi'om test cells and abiotic controls were inoculated into lactic acid
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medium and anaerobically incubated. A black precipitate (ferric sulfide) was observed
in the ambient and ambient/elevated temperature systems within 7-10 d, indicating the
presence o f sulfete-reducing microorganisms.
Samples fi'om test cells and abiotic controls were inoculated in an iron-oxidizing
medium. Scattered clumps and plaques of motile rod-shaped cells were observed under
oil immersion in all three temperature systems. A few small clumps of non-motile rod
shaped cells were observed in one each of the ambient/elevated and elevated
temperature controls. These are most likely cells rendered non-viable by the autoclave
process.
DISCUSSION
Our results indicate that the presence of a surface enhances the ability o f native
Yucca Mountain microorganisms to corrode carbon steel. Average corrosion rates in
all of the rock/agar microcosms were higher than their respective controls, as well as
from similar treatments in agar only. However, these rates may be artificially elevated
due to the use of crushed rock in the construction of the microcosms. The native
welded tuff is unsaturated and likely nutrient-limited.

Grinding may have released

nutrients and facilitated water and gas difiiision, stimulating microbial growth and
activity.
One of the fectors that controls microbial movement in soils and subsurface
environments is the grain size of the geologic medium. Rock was ground and particles
sieved through mesh sizes of 2 mm and 500 fjm. The pore sizes in fine sands, silts, and
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clays approximate the bacterial size range and, therefore, most likely restrict bacterial
movement within these media. The backfill material in the nearfield repository
environment will be more porous than the native rock fi’om which these microbes were
isolated. Bacteria isolated from oligotrophic environments are often smaller than those
that are not nutrient-stressed.

These bacteria will most likely be able to move freely

through the backfill material under favorable conditions (decreased temperature and
radiation, increased water and oxygen). Additionally, the iron-oxidizing and sulfatereducing bacteria are motile and this could potentially aid migration through the rock.
The rock surface itself may play a significant role in determining the number of
available sorption sites. ^ It has also been reported that in subsurface environments,
colony-forming units were lO-lOOX greater in microbial populations attached to
particles than suspended in groundwater. ^
All three microbial types were recovered from the test electrochemical cells by
culture and/or PLFA analysis. This indicates that all three types are capable of
colonization and biofilm formation since biofilms were visible. PLFA estimates of total
biomass suggest that more biomass was produced in the ambient/elevated temperature
system. However, the difference between the means is not significant due to the
variance among replicate samples. This may be explained by the spatial heterogeneity
characteristic of the biofilm mode of growth. The extensive exopolymer network
facilitates the transport of nutrients through the biofilm layers, supporting the growth of
aerobic heterotrophs, while creating chemical microenvironments conducive to the
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growth o f anaerobic microorganisms. These microenvironments are also characterized
by the chemical nature of the «copolymer substance. ** The EPS-producing isolates
used in this investigation were chosen for their unique exopolymer chemistries.
Analysis demonstrated considerable diversity in the composition of the exopolymers. ^
Although exopolymers are generally acidic, two of the EPS-producing isolates (YMC35, YMC-37) secreted neutral polymers, while QCC-21 secreted an acidic polymer.
Although YCC-9 was not included in the compositional analysis because it did not
produce sufiScient exopolymer for testing purposes, in the present investigation PLFA
analysis identified YCC-9 as one of the predominant microorganisms in the rock/agar
microcosms. Variations in EPS chemistry may influence the development of
microzones and the microbial populations th ^ contain.
Microorganisms grown on solid surfaces have different properties fi'om those
grown in liquid media. Growth rates have been reported as being stimulated, inhibited,
or unaffected depending on the microorganism, substrate, and surfece. The surface may
stimulate other physiological responses, as well, such as changes in the form of
motility, cell size, and yield of biological products. ^ The nature of the substratum
influences the degree of substrate adsorption and availability to the microbial
population. The complex relationship between the surfece, exopolymeric matrix and
microbiota may explain why some microbial combinations were more corrosive than
others in previous studies at ambient and elevated temperature in R2A agar

(see

Chapter 2). In the ambient temperature system, the EPS/SRB combination and the test
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consortium exhibited the highest corrosion rates. In the elevated temperature system,
the EPS/SRB combination exhibited the highest corrosion rates, while the consortium
exhibited the lowest rate. The present study demonstrates that the same consortium is
capable of significantly increased corrosion when provided with a rock surface, even at
elevated temperature. Investigations have shown that exopolymer production is
stimulated by a solid surfece. ^ It is possible that increased polymer production may
offer some protection from temperature. Microscopic analyses demonstrated a trend
toward increased biofilm production with increasing temperature in the rock/agar
microcosms lending support to this hypothesis.
CONCLUSIONS
It is essential to understand the metabolic capabilities of microorganisms
indigenous to the deep subsurfiice of Yucca Mountain because their physiological
processes can affect the integrity of the materials chosen for site construction and waste
containment. The results of this investigation show that a rock matrix enhances
corrosion rates, biofilm formation and the ability of these microorganisms to survive at
elevated temperature. All the requirements necessary to support microbial growth are
present in the native rock or will be introduced during repository construction.
Initially, emplacement of nuclear waste may create an unfevorable habitat for
microorganisms due to increased temperature, radiation level and dessication, however,

native microorganisms surviving these conditions may eventually be able to resume
their corrosive metabolism at the sutfece of the canisters.
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Figure I. Schematic diagram o f the electrochemical corrosion cell.
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Figure 2. Average corrosion rate o f electrochemical cells incubated at ambient
temperature, plotted as the mean o f three samples ± one standard error
test consortium (A); uninoculated control (B).
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Figure 3. Average corrosion rates o f electrochemical ceils incubated at elevated
temperature, plotted as the mean o f three samples ± one standard error:
test consortium (A); uninoculated control (B).
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Figure 4. Average corrosion rates o f electrochemical cells allowed to colonize at
ambient temperature prior to incubation at 50°C, plotted as the mean o f three samples
± one standard error, test consortium (A); uninoculated control (B).
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Figure 5. Light micrographs of coupon cross sections: ambient temperature system
(A); ambient temperature system control (B); elevated temperature system (C);
elevated temperature system control (D); ambient/elevated temperature system (E);
ambient/elevated temperature system control (F). Magnification lOOOX for A, B, E, F;
400X fi)r C, D Bar = 20 ^m.
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Figure 6 . EDXA spectra of mineral precipitates: uninoculated control (A); ambient
temperature system (B); elevated temperature system (C); ambient/elevated
temperature system (D).
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Table 1. PLFA biomass estimates'* for the test consortium and uninoculated
controls incubated at all three temperature systems

temperature system

test consortium*

ambient

367.5 (38.9)

uninoculated control*
2 .0

(0 .0 )

50“C

491.5 (565.9 )

177.8 (0.71)

ambient/50 °C

1391.5 (1686.4)

160.5 (85.6)

* Mean values of duplicate samples are represented; standard deviations are in
parentheses.
** Data is expressed as pmol ester-linked phospholipid fatty acids/g.

Table 2. Microbial community analysis based on fatty acid functional group
distribution" for the consortium incubated at all three temperature systems

temperature
system

normal
saturates*

terminallybranched
saturates*

monounsaturates*

ambient

20.8 (18.7)

4.95(7.0)

74.2(11.8)

50“C

63.6(33.8)

20.6(27.8)

15.9 (20.0)

ambient/50 °C

41.7(3.3)

1.7(24)

56.6 (0.78)

* Mean values of duplicate samples are represented; standard deviations are in
parentheses.
" Data is expressed as mole % total PLFA.
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BIOFILM FORMATION BY A CONSORTIUM OF NATIVE YUCCA MOUNTAIN
BACTERIAL ISOLATES
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ABSTRACT
The redox dye 5-cyano-2,3-ditolyl tétrazolium chloride (CTC) was utilized for
epifluorescent microscopic visualization o f bacteria in a biofilm sample. Oxidized CTC
is nearly colorless and does not fluoresce, but is reduced via the electron transport
chain to fluorescent, insoluble CTC-formazan, which accumulates intracellularly in
respiring bacteria (Rodriguez, etal., 1992). A 1020 carbon steel coupon was
embedded in soft R2A and inoculated with a test consortia composed of
exopolysaccharide (EPS)-producing, iron-oxidizing, and sulfate-reducing bacterial
species previously isolated fi*om Yucca Mountain, Nevada Test She (Pitonzo, 1996,
Chapter 2). At 1,2, S, 7 and 14 d, coupons were aseptically removed, stained with
CTC and biofllm formation was visualized under epifluorescent illumination.
INTRODUCTION
It has been clearly demonstrated in nature, disease, and industry, that bacteria
attach to inert surfaces where th^r form physiologically active biofllms (Costerton, et
a i, 1987, 1995; Characklis, et ai, 1990; Geesey, 1991; Lawrence, etal., 1995). A
biofllm is a microbial mass composed of bacteria, algae, and/or other microorganisms
(Borenstein, 1993). Conditioning films form rapidly whenever surfaces are immersed
in a solution containing organic molecules. The transfer of organics fi’om the bulk
phase to the surface is mainly the result of molecular diftusion. Conditioning films have
an abundance of reactive sites which can initiate the colonization by chemotactic
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bacteria, as well as function as a potential nutrient source (Korber, et al., 1995). These
initial events in surface colonization occur within a relatively short time, with the
organic film forming in minutes, followed by bacterial colonization within 24 h
(Lawrence, era/., 1995).
Attached microbial communities are characterized by the presence of an
extensive exopolymeric network. Exopolymers play a significant role in the
establishment and development of biofilm communities and contribute to improved
microbial competitiveness and reproductive success (Lawrence, et al., 1995). The
extent of biofilm accumulation is dependent on the amount of nutrients available for
growth and exopolysaccharide production (Costerton, etal., 1995). Exopolymers can
function as an effective nutrient trap when the nutrient concentration is low, increasing
the efSciency of the biofilm community. They can also localize the extracellular
enzymes responsible for hydrolyzing high molecular weight organic matter into a more
usable form before it enters the cell (Lawrence, et al., 1995). The biofilm also impedes
the movement of microbial metabolites resulting in the concentration o f these by
products at or near the surfoce (G ees^, 1991). Additionally, the composition of the
biofilm restricts the entry of antibacterial agents and offers protection fi-om protozoan
predators and bacteriophages (Costerton, etal., 1987).
Microbially-infiuenced corrosion of metals is a significant outcome of biofilm
formation that emphasizes several features of the structure and physiology of these
adherent bacterial populations. The establishment of microcolonies within the biofilm
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is an important bacterial survival strategy (Korber, etal., 1995). The complex
microbial consortia in the biofilm trap ions and create physical and chemical gradients
at the surfitce, allowing many bacterial species with diverse metabolic capabilities to
coexist (Costerton, etal., 1995; Videla and Characklis, 1992). This leads to the
formation of an electrochemical ceU, with subsequent metal dissolution and pit
formation (Borenstein, 1993).
Although the bacteria most commonly associated with metal corrosion are the
anaerobic sulfiite-reducing bacteria (SRB), other metabolic groups have also been
implicated. In addition to SRB, iron-oxidizing and exopolysaccharide producing
bacteria have been isolated fi’om Yucca Mountain, Nevada Test Site, the proposed
repository for the storage of high-level nuclear waste. The objective of the current
study was to observe biofilm fisrmation by a consortium of these microorganisms at
defined time intervals.
MATERIALS AND METHODS
Selected exopolysaccharide-producing (EPS) isolates were cultured in R2B.
Iron-oxidizing bacteria were cultured in an autotrophic iron-oxidizing medium (Atlas,
1993). EPS and iron-oxidizing cultures were aerated by shaking at 125 rpm. Sulfatereducing bacteria were cultured in a lactic acid medium (Atlas, 1993) in an anaerobic
chamber (Lab-Line Instruments, Inc., Melrose Park, IL), under a 30% Hj, 50% COj,
and 20% N^ atmosphere.
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Test microorganisms were cultured separately at ambient temperature, then
mixed together at the time of inoculation. All bacterial inocula were adjusted with R2B
to an optical density (OJD.) of 0.1 at 600 nm. The EPS-producing isolates were
incubated for 48 h and equal volumes were combined prior to inoculation. Ironoxidizing and sul&te-reducing bacteria were incubated for 1 wk. Equal volumes of the
EPS-producing mixture, and the iron-oxidizing, and sulfote-reducing enrichments were
combined to prepare the biofilm inocula.
Sterile glass Petri plates (60 X 15 mm. Coming, Coming, NY) were filled with
25 ml soft R2A (0.5 g Bacto agar, 0.5 g yeast extract; 0.5 g proteose peptone; 0.5 g
casamino acids; 0.5 g dextrose; 0.5 g soluble starch; 0.3 g sodium pyruvate; 0.3 g
K2PO4 ; 0.05 g MgSO^ THgO); per liter J-13 simulated groundwater (19.90 mg
CaSO^ ZHzO; 12.92 mg CaC^ ^HjO; 19.23 mg Ca(N0 3 )2*4 H2 0 ; 17.80 mg
MgSO^ m^O; 0.14 mg FeC^ ^HzO; 0.270 mg AlClj-OHjO; 0.553 mg Li^SO^ H^O;
0.003 mg MnSO^ HgO; 13.57 mg KHCO,; 179.4 mgNaHCO,; 2.21 mg HF acid
(49%); 303.6 mg NaSiOyOH^O, pH 8.0), final pH 7.2.
A 2.5 cm X0.635 cm 1020 carbon steel coupon (Metal Samples, Inc., Munford,
AL) was de-greased in acetone, rinsed with distilled water and air-dried prior to
autoclaving for 30 min. The coupon was embedded in the soft R2A, perpendicular to
the bottom of the Petri plate. The coupon was inoculated along one side with 250 lA
of the test consortium and allowed to colonize at ambient temperature. Duplicate test
samples and an uninoculated control were prepared for each timepoint.
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At the selected timepoints, coupons were aseptically removed from the Petri
plates. One coupon was fixed in 3 ml o f a 2% solution of glutaraldehyde (Sigma
Chemical Co., St. Louis, MO) in R2B. The remaining coupons were aseptically
transferred to sterile disposable Petri plates with the biofilm side up and stained
according to a protocol modified from Huang, et al., 1995. Coupons were rinsed with
filter-sterilized (0.2 /zm, Gelman Sciences, Ann Arbor, MI) de-ionized water and
aseptically transferred to a sterile Petri plate after each step. Coupons were immersed
in 0.04 % filter-sterilized CTC (Polysciences, Inc., Warrington, PA) fr)r 2 h at ambient
temperature in the dark. The coupons were fixed in formalin (5 % final concentration)
for 5 min and counterstained with I/zg/ml of 4',6-diamidino-2-phenylindole (DAPI;
Sigma). Coupons were flooded with filtered crystal violet for 2 min. After air-drying,
stained biofilms were viewed at lOOOx with a Nikon Opdphot epifluorescence
microscope (Nikon, Garden City, NY) fitted with a Nikon Fluor lOOx objective lens, a
100 W mercury bulb, and a UV-IA filter cube.
RESULTS
The formation of a conditioning film on the uninoculated control coupons was
visible to the unaided eye within hours of immersion in the soft R2A. At 1 d, in
inoculated Petri plates, individual cells were clearly visible under the microscope,
randomly dispersed in an amorphous biofilm matrix. Most cells appeared to be short
rods (1-1.5 /zm) in singles, small clusters and short chains and much of the metal
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substratum was still visible beneath the biofilm (Fig. 1). At 2 d, cells were much more
numerous. Although individual cells were still distinguishable, many appeared to be
associated in large clusters. Spatial gradients in the biofilm structure were evident,
with large areas of metal substratum still visible in the background (Fig. 2). At 5 d,
individual cells were difiBcult to discern due to a significant increase in biofilm material.
Very little o f the metal substratum was visible (Fig. 3). Biofilm material continued to
increase until, at 14 d, the metal substratum was completely obscured and few cells
were readily visualized (Fig. 4 and S). No respiring cells were observed on the control
coupons.
DISCUSSION
The current study confirmed that the initial events in biofilm establishment
occur quite rapidly. Spatial gradients in the biofilm were evident by 2 d as distinct
microcolonies were observed at several focal planes in the same area. One of the most
important fiictors in biofilm development is the composition of the microbial
community. It has been demonstrated that bacterial attachment to a surface can be
influenced by the presence of other attaching strains (McEldowney and Fletcher, 1986).
Although individual species were unable to be distinguished with this staining
technique, it has been established that the spatially defined architecture of a biofilm is
often species specific (Costerton, etal., 1995; Lawrence, eta l., 1995). A
compositional analysis o f the purified exopolysaccharide produced by several of the test
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microorganisms demonstrated considerable diversiQr in the glycosyl residues (Pitonzo,
1996, Chapter 3). Distribution of unique exopolymers surrounding different members
of the test consortium may contribute to the creation of chemical microzones that allow
these microorganisms to coexist. Motility also affects the distribution and arrangement
of the biomass within biofilms. The iron-oxiding microorganisms in the test consortium
were motile and perhaps able to move about the oxic areas of the biofilm.
The use of native bacterial isolates is especially relevant to study their effects on
metals being chosen for waste containment. Prior studies have shown that a
consortium of these microorganisms was capable of corroding 1020 carbon steel at
ambient (Pitonzo, 1996, Chapter 7) and elevated temperatures (see Chapter 2). The
chemical and biological microniches created within the biofilm may enhance the ability
of these microorganisms to survive the unfovorable conditions initially caused by the
emplacement of nuclear waste. Ultimately, the ability to resume their corrosive
metabolic activities may negatively impact the materials chosen fi)r site construction
and waste containment.
Further investigation is needed to help define the structure of this particular
biofilm community and gain a greater understanding of its metabolic capacity. More
sophisticated microscopic techniques would be useful in determining the physical and
population biofilm architecture. Microelectrodes could also be employed to determine
changes in pH and oxygen over time. Establishing the rate of attachment for each
species, alone and in combination with the others, would also be interesting.
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Figure 1. Biofilm formation Day 1
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Figure 2. Biofilm formation Day 2
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Figure 3. Biofilm formation Day 5
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Figure 4. Biofilm formation Day 7
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Figure 5. Biofilm formation Day 14
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CHAPTERS
GENERAL DISCUSSION
The preceding chapters discuss the influence of biofllm formation, elevated
temperature, and the presence of a solid surface on the ability of native Yucca
Mountain microorganisms to corrode 1020 carbon steel. Selection of Yucca Mountain
as a potential site for the storage of high-level nuclear waste has prompted concern
regarding the integrity of permanent storage in deep geological formations.
Characterization of the microbial community of Yucca Mountain indicates that a
diverse group of microorganisms exists in the subsurface environment, including those
associated with microbially-influenced corrosion (MIC) (Pitonzo, 1996, Chapter 2).
These microorganisms, which include exopolysaccharide-producing (EPS), sulfatereducing (SRB), and iron-oxidizing (FeOx) bacteria, are of special interest, as their
metabolic activities can negatively impact the materials chosen for the containment of
nuclear waste.
A consortium of these microorganisms was used to illustrate biofllm formation
on a 1020 steel coupon at defined time intervals. The formation of a conditioning film
occurred within hours of embedding the coupon into the soft R2A test medium. As
shown in Chapter 4, biofilm formation proceeded rapidly with increasing amounts of
exopolymer substance and microcolonies observed on the coupons over the course of
several days.

Exopolymer production plays a significant role in biofilm formation and
131
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may contribute to the survival of microbial populations in oligotrophic environments,
such as Yucca Mountain. Although the host rock contains many mineral oxides,
inorganic nutrients and organic carbon, th ^ may be unavailable to microbes due to low
concentration and restricted water movement in the unsaturated conditions found in the
rock formation. Bacteria may attach to the rock surfoce to gain access to the film of
adsorbed organic molecules. It has been observed that microorganisms failed to grow
when nutrients were below a certain threshold, except in the presence o f a solid surface
(ZobeU, 1943). At higher concentrations, no surfoce dependent effects were noted
(Heukelekian and Heller, 1940). It has also been demonstrated that attached
populations assimilated two to five times more glucose and respired at a higher rate
than firee living cells (Fletcher, 1986).
Attachment to a surface stimulates the production of EPS. Increased activity at
surfaces may be due to the efBcient nutrient trapping within the biofilm matrix, as
microorganisms concentrate scarce resources extracellularly and utilize them via the
activity of exoentymes. The chemical properties of the exopolymers are dependent on
the secreting microorganism; differences in the chemical properties of exopolymers
result in the formation of microcolonies of physiologically distinct microorganisms
(Geesey, 1991). It is reasonable to assume that the distinct exopolymers isolated fi'om
the Yucca Mountain isolates (Pitonzo, 1996, Chapter 3) have contributed to the ability
of the test consortium to coexist in the biofilm mode of growth.
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The sorptive capacity of EPS for metals has also been demonstrated (Ferris, et
a i, 1989, McLean, et al., 1996; Geesey and Jang, 1990). Various ions are known to
be required as cofoctors in exopolysaccharide synthesis. Exopolymers also vary in their
ability to interact with metal ions. When an exopolymer having a high afSnity for a
particular metal binds to the metal substrate, a concentration cell can develop in the
area under the exopolymer, resulting in pitting corrosion (Gees^, 1991). Exopolymer
can also react indirectly with metals through the creation of physical and chemical
gradients. An otygen gradient is created in the biofilm, fitvoring the growth and
metabolism of anaerobic microorganisms at the metal surfoce. The biofilm also
impedes the movement of metabolites, such as acids, lowering the pH to a range
acceptable for acidophilic microbes. The concentration of microbial metabolites at the
metal surface can lead to dissolution and pit formation (Borenstein, 1993).
Extensive biofilm formation was observed on carbon steel inoculated with the
test consortium in all temperature systems in rock and/or agar amendments, indicating
that the association of these microorganisms is successful as it relates to corrosion
capability. Biomass estimates by PLFA analysis demonstrated the highest biomass
production in the ambient temperature agar microcosms, followed by those at
ambient/elevated temperature. Although R2A is a minimal medium commonly used in
the recovery o f environmental microorganisms, it most likely contains higher
concentrations of water, carbon and other nutrients than are present in the native
environment. Therefore, the biomass estimates and corrosion rates may be artificially
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high. Although PLFA results showed much less biomass and lower corrosion rates in
the elevated temperature agar microcosms, it is evident that some microbes were able
to withstand the effects of immediate and prolonged exposure to heat.
The most dramatic results were seen in the rock/%ar microcosms. The
influence of a surfoce was demonstrated by significantly increased corrosion rates at all
three test temperatures. The presence of a surface combined with ambient colonization
demonstrated total biomass approaching that seen in the ambient temperature agar
microcosms.
NCcrobial community analysis based on fatty acid fimctional groups indicates
that EPS-producing isolates YCC-9 and YMC-35 and sulfote-reducing bacteria were
the predominant colonizers of the coupons. The SRB isolated fi'om Yucca Mountain
most resemble species of the genus Desulfotomaculum, but exhibit several important
physiological differences that warrant further testing. It may be that these differences
confer an advantage in this extreme environment. Motile and non-motile iron-oxidizers
were recovered by culture in samples fi’om almost all temperature systems. Some
moderately thermophilic iron-oxidizing bacteria have been described (Harrison, 1984).
Further characterization of each of these microorganisms is warranted in order
to gain a better understanding of their physiological and metabolic capabilities and the
effect they may have on repository construction and waste containment. Genetic
analysis is planned for all test microorganisms. Nficroorganisms should also be cultured
at various temperatures to determine a range over which growth is possible. PLFA
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analysis should also be performed at various temperatures in order to observe the
change in lipid profiles with temperature. This information would fiicilitate the
identification of key microbial players in a system over time. Further investigation of
the dynamics of biofilm formation by this consortium would also be useful (i.e.,
establishing the rate of attachment for each species, alone and in combination with the
others). More sophisticated microscopic techniques would be useful in determining the
physical and population architecture of the biofihn. Nficroelectrodes could also be
employed to determine changes in pH and oxygen over time.
Ultimately, an investigation using microcosms filled with native rock should be
conducted to most closely simulate in situ conditions. However, to reflect true
repository conditions, the impact of fluids, gases, and other materials introduced during
tuimel and site construction should also be considered.
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